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Abstract

 

The G

 

M2

 

 gangliosidoses are

 

 

 

a group of severe, neurodegen-
erative conditions that include Tay-Sachs disease, Sandhoff
disease, and the G

 

M2

 

 activator deficiency. Bone marrow trans-
plantation (BMT) was examined as a potential treatment
for these disorders using a Sandhoff disease mouse model.
BMT extended the life span of these mice from 

 

z 

 

4.5 mo to
up to 8 mo and slowed their neurologic deterioration. BMT
also

 

 

 

corrected biochemical deficiencies in somatic tissues as
indicated by decreased excretion of urinary oligosaccha-
rides, and lower glycolipid storage and increased levels of

 

b

 

-hexosaminidase activity in visceral organs. Even with
neurologic improvement, neither clear reduction of brain
glycolipid storage nor improvement in neuronal pathology
could be detected, suggesting a complex pathogenic mecha-
nism. Histological analysis revealed

 

 

 

b

 

-hexosaminidase-posi-
tive cells in the central nervous system and visceral organs
with a concomitant reduction of colloidal iron-positive mac-
rophages. These results may be important for the design of
treatment approaches for the G

 

M2

 

 gangliosidoses. (

 

J. Clin.
Invest.

 

 1998. 101:1881–1888.) Key words: beta-

 

N

 

-acetylhex-
osaminidase/metabolism 

 

•

 

 gangliosidoses/physiopathology 

 

•

 

blood–brain barrier 

 

•

 

 Tay-Sachs disease/metabolism 

 

•

 

 dis-
ease models, animal

 

Introduction

 

The G

 

M2

 

 gangliosidoses are lysosomal storage disorders caused

 

by impaired degradation of G

 

M2

 

 ganglioside (GalNAc

 

b

 

1

 

→

 

4
(NeuAc

 

a

 

2

 

→

 

3)Gal

 

b

 

1

 

→

 

4Glc

 

b

 

1

 

→

 

1Cer) and related substrates
(reviewed in references 1 and 2). This group of disorders in-
cludes Tay-Sachs disease, Sandhoff disease, and the G

 

M2

 

 acti-
vator deficiency. In each, G

 

M2

 

 ganglioside and related lipids
massively accumulate in neuronal lysosomes, triggering a
pathologic process that ultimately results in severe central ner-

vous system (CNS)

 

1

 

 dysfunction. The clinical phenotypes of
the diseases are nearly identical. In the most severe forms, the
disease begins during the first year of life. Rapidly progressing
neurodegeneration results in death usually by 4 yr of age.
There is no effective treatment.

Through targeted disruption of the 

 

Hexb

 

 gene (the mouse
gene encoding the 

 

b

 

-hexosaminidase 

 

b

 

 subunit), we have es-
tablished a mouse model for Sandhoff disease that closely
recapitulates the human disorder (3). These animals lack

 

b

 

-hexosaminidase A and B activities and, as a consequence,
accumulate large amounts of G

 

M2 

 

ganglioside and G

 

A2

 

 glyco-
lipid (GalNAc

 

b

 

1

 

→

 

4Gal

 

b

 

1

 

→

 

4Glc

 

b

 

1

 

→

 

1Cer) throughout the
CNS. They display a variety of neurologic manifestations in-
cluding spasticity, muscle weakness, tremor, and ataxia. Death
occurs between 4 and 4-1/2 mo of age.

Bone marrow transplantation (BMT) has emerged as a po-
tential treatment for some types of lysosomal storage disorders
(4–10). It is believed that donor cells, primarily of the mono-
cyte-macrophage-microglia lineage, repopulate target organs
and provide a source of the missing lysosomal enzyme. In both
lysosomal disease patients and corresponding animal models,
BMT can produce dramatic improvements in many of the so-
matic manifestations. However, improvement of CNS function
by BMT in lysosomal storage disorders has been more difficult
to assess. Dramatically different results have been obtained
depending on the disease or model. 

The Sandhoff disease mouse model affords an opportunity
to investigate the effect of BMT on a prototypical gangliosido-
sis with severe CNS dysfunction. In this study, we show that
BMT of Sandhoff disease mice with wild-type marrow resulted
in increased life span and improved neurologic function. Inter-
estingly, the clinical benefit occurred without an apparent
biochemical reduction in total brain G

 

M2

 

 and G

 

A2

 

 glycolipid
storage or noticeable morphological changes in neurons, sug-
gesting a complex pathogenic disease process. The results may
be important in the design of therapeutic regimes for the treat-
ment of Sandhoff disease and related disorders. 

 

Methods

 

Experimental animals. 

 

The procedures were approved by the Na-
tional Institute of Diabetes and Digestive and Kidney Diseases and
National Institute of Mental Health Animal Care and Use Commit-
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1. 

 

Abbreviations used in this paper:

 

 BMT, bone marrow transplanta-
tion; CNS, central nervous system; FACE, fluorophore-assisted
carbohydrate electrophoresis; PAS, periodic acid-Schiff; X-Hex,
5-bromo-4-chloro-3-indolyl 

 

N

 

-acetyl-

 

b

 

-

 

D

 

-glucosaminide.
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tees and followed the National Institutes of Health guidelines, “Using
Animals in Intramural Research.” A male chimeric mouse derived
from J1 embryonic stem cells carrying a disrupted 

 

Hexb

 

 gene (3) was
crossed with a 129/SvEv female to produce 

 

Hexb

 

1

 

/

 

2

 

 mice on the 129
background. 

 

Hexb

 

2

 

/

 

2 

 

mice were subsequently produced through
the breeding of the 

 

Hexb

 

1

 

/

 

2

 

 mice. The 

 

Hexb

 

 genotype of the mice
was determined by enzyme analysis of mouse tail extracts and by
Southern blot analysis. Wild-type 129/SvEv mice were obtained from
Taconic Farms Inc. (Germantown, NY).

 

Bone marrow transplantation. 

 

A BMT protocol similar to that
used for the Twitcher mouse was employed (4). Donor bone marrow
was obtained by flushing the femurs of wild-type 129/SvEv mice with
Hank’s balanced salt solution. Recipient mice were between 10 and
16 d of age. After receiving 9 Gys of radiation from a 

 

137

 

Cs source 1 d
before transplantation, they were injected with 0.2 ml containing 5–7 

 

3

 

10

 

7 

 

cells i.p. The recipient mice were returned to their mothers and
housed in autoclaved cages with sterile food and water to minimize
the risk of infection.

 

Urinary oligosaccharides. 

 

Urinary oligosaccharide analysis was
performed using fluorophore-assisted carbohydrate electrophoresis
(FACE) (11). First, the creatinine content was determined for each
urine sample using a kit obtained from Sigma Chemical CO. (No.
555-A; St. Louis, MO). Then, aliquots of urine normalized to creati-
nine concentration were incubated overnight at 37

 

8

 

C with the ANTS
(8-aminonaphthalene 1,3,6-trisulfonic acid, disodium salt) reagent
followed by high-resolution PAGE and visualization using the FACE
imaging system (Glyko, Inc., Novato, CA). 

 

b

 

-Hexosaminidase enzyme analysis. 

 

Animals were killed when
they were unable to stand or feed. The tissues, including spleen, liver,
kidney, brain, and spinal cord, were immediately removed and stored
at 

 

2

 

80

 

8

 

C. A portion of each tissue (0.1–1.0 g) was homogenized with
PBS containing 0.1% Triton X-100 to prepare a 10% extract. An ali-
quot of the extract was assayed for 

 

b

 

-hexosaminidase activity with
4-methylumbelliferyl-2-acetamido-2-deoxy-

 

b

 

-

 

D

 

-glucopyranoside (12).
Samples were normalized by the total protein present in the extract
using a protein assay system (Bio-Rad Laboratories, Richmond, CA).

 

Glycolipid analysis. 

 

Sphingolipids were isolated from tissues and
G

 

M2

 

 ganglioside and G

 

A2

 

 glycolipid were quantitated as described (3).

 

Behavioral testing. 

 

Three tests were used to ascertain neurologic
function: rotorod, open field, and righting reflex. The ability to main-
tain balance on a rotating cylinder was measured with a standard ro-
torod apparatus (Economy Rotamex; Columbus Instruments, Co-
lumbus, OH). The cylinder was 4.0 cm in diameter and was covered
with textured rubber. Mice were confined to a section of the cylinder
8.75 cm long by black plexiglas dividers. Each mouse was placed on
the cylinder, which was rotating at 10.0 rpm. Latency to fall off the
rotating cylinder was measured. Mice that fell in 

 

, 

 

15 s were given a
second trial. Mice that did not fall during the 60-s trial period were re-
moved and given a score of 60 s. Rotorod testing was conducted once
per week for 5 wk. Exploratory locomotor activity was measured in
an open field measuring 45 

 

3 

 

45 cm, over a 5-min period. A Digiscan
apparatus (RXYZCM; Omnitech Electronics, Columbus, OH) auto-
matically recorded and analyzed the behavioral parameters. The ap-
paratus contained eight photocells in each horizontal direction and
eight photocells elevated 4.0 cm to measure vertical rearings. Hori-
zontal activity comprised the total number of photocell beam breaks
in the horizontal plane during the 5-min testing session. Locomotor
activity was measured once per week for 5 wk.

The righting reflex was measured by turning the mouse on its
back on a flat stainless steel surface. Latency to turn itself upright was
recorded. Mice not righting themselves within 10 s were turned right-
side up and assigned a score of 10. Mice were tested at 18 and 24 wk
of age.

 

Pathology. 

 

A total of six 

 

Hexb

 

2

 

/

 

2 

 

mice transplanted with wild-
type bone marrow (two each at 50 d, 4 mo, and 7 mo old) were used
for morphologic analysis. These were compared with two 50-d-old

 

Hexb

 

2

 

/

 

2 

 

mice that received 

 

Hexb

 

2

 

/

 

2 

 

bone marrow cells and with
two 50-d-old wild-type mice that received wild-type bone marrow

cells and four untreated 

 

Hexb

 

2

 

/

 

2 

 

mice, 4 mo of age. Two 6-mo-old

 

Hexb

 

2

 

/

 

2 

 

mice that received wild-type bone marrow cells, their
wild-type littermates, and a 4-mo-old untreated 

 

Hexb

 

2

 

/

 

2 

 

mouse
were used for histochemical demonstration of 

 

b

 

-hexosaminidase
with 5-bromo-4-chloro-3-indolyl 

 

N

 

-acetyl-

 

b

 

-

 

D

 

-glucosaminide (X-Hex).
Also used for X-Hex histochemistry were selected sections of the
brain and spinal cord of untreated 

 

Hexb

 

2

 

/

 

2 

 

mice and 

 

Hexb

 

2

 

/

 

2 

 

mice
that received wild-type bone marrow cells (50 d and 4 mo old).

 All mice were

 

 

 

anesthetized and perfused with 4% paraformalde-
hyde. The brains of the 50-d-old mice were cut sagittally at the mid-
line. The right half of the brain and portions of the liver, spleen, kid-
ney, heart, lung, and rib cartilage were processed for paraffin
embedding. One coronal section of the left cerebral hemisphere at
the level of the optic chiasm and one sagittal section of the cerebellar
vermis, cervical spinal cord, and cervical dorsal root ganglion, left
trigeminal nerve and ganglion, portions of the liver, spleen, and kid-
ney were processed for plastic resin embedding for semi-thin light mi-
croscopic and electron microscopic studies. The remainders of the left
cerebral and cerebellar hemispheres were processed as serial frozen
sections. Frozen sections were also prepared from the cervical spinal
cord, left trigeminal nerve and ganglion, portions of liver, spleen, kid-
ney, and rib. The brains of the two 4-mo-old 

 

Hexb

 

2

 

/

 

2 

 

and the two
7-mo

 

-

 

old BMT-treated 

 

Hexb

 

2

 

/

 

2 

 

mice were sectioned sagittally and
the right half of cerebrum, cerebellum, brainstem, spinal cord at cer-
vical, thoracic, and lumbar levels, eye, optic, trigeminal, and sciatic
nerves, bone, skin, liver, spleen, rectum, and kidney were processed
for plastic resin embedding for semi-thin section light and electron
microscope studies. The same tissues from the right half of the brain
and eye, spinal cord, and visceral organs were processed for light mi-
croscopic studies. The entire cerebrum, cerebellum, and brainstem of
two 

 

Hexb

 

2

 

/

 

2 

 

mice and two 

 

Hexb

 

2

 

/

 

2 

 

transplanted with wild-type
bone marrow were processed by frozen, semi-serial sectioning. Fro-
zen sections were also prepared from the cervical spinal cord, liver,
kidney, and spleen. Paraffin sections were stained with Solochrome
and eosin, colloidal iron, Luxol-fast blue and periodic acid-Schiff
(PAS) for the nervous system and hematoxylin and eosin, colloidal
iron, and PAS for the visceral organs. The brain and tissues from vis-
ceral organs for frozen sections were immersed in fixative overnight.
After cryoprotection by immersion in 0.1 M phosphate buffer (pH
7.4) containing 20% sucrose, the tissues were snap frozen and sec-
tions were stained either by PAS or processed for X-Hex histochem-
istry for detection of 

 

b

 

-hexosaminidase. The procedures for enzyme
detection were essentially the same as described (13).

 

Statistical analysis. 

 

Two-group comparisons were made using un-
paired 

 

t

 

 tests. Three-group comparisons were made using analysis of
variance. Analyses of performance over time were made using re-
peated-measures ANOVA (RMANOVA). Post-hoc comparisons
were made using Bonferroni-corrected 

 

t

 

 tests. ANOVAs (F-ratio, 

 

F

 

)
and 

 

t

 

 tests (

 

t

 

) are used to calculate the ratio of between-groups vari-
ance to within-group variance. Larger 

 

F

 

 and 

 

t 

 

values indicate greater
variability between groups than within groups and thus larger differ-
ences between group means. Degrees of freedom (df) for the F-ratio
numerator equals the number of groups minus one and, for the de-
nominator, the number of subjects minus the number of groups. De-
grees of freedom on RMANOVAs were corrected for sphericity us-
ing the Greenhouse-Geyser epsilon: df (corrected) 

 

5 

 

df * epsilon. 

 

Results

Life span. Sandhoff disease (Hexb2/2) mice, 10–16 d old,
were transplanted with bone marrow cells from wild-type 129/
SvEv mice. Untreated Hexb2/2 animals became moribund
from 101 to 139 d after birth, following a rapidly progressive
neurodegenerative course (Fig. 1) (3). Hexb2/2 mice treated
by BMT lived significantly longer (203–254 d after birth) than
the untreated mice (P , 0.0001). None of the wild-type mice
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died during this period. The therapy resulted in a strikingly im-
proved clinical appearance of the mice at a time when the un-
treated mice were severely affected with disease manifesta-
tions. In Fig. 2, a comparison of littermates at 135 d of age
illustrates the extremely grave condition of untreated mice. At
this terminal stage in the disease, they exhibit muscle wasting,
rigidity, and a nearly complete inability to ambulate. In con-
trast, the littermates receiving BMT were active and mobile
and had a normal appearance with the exception of a lighter
coat color due to the radiation received as part of the trans-
plant procedure. 

Neurologic function. Rotorod performance, a measure of
balance and mobility, was determined in the transplanted mice
from 13 to 17 wk of age (Fig. 3 a). The performance of the
wild-type, untreated Hexb2/2 and the Hexb2/2 mice given
BMT differed between the three groups (F2,30 5 111.62, P ,
0.0001). Post-hoc analysis showed that the rotorod perfor-
mance of the transplanted mice was significantly better than
that of the untransplanted Hexb2/2 mice (t19 5 3.48, P 5
0.0025). The performance of the untreated Hexb2/2 mice
and the transplanted mice deteriorated significantly over the
course of the testing period (F2,10 5 16.68, P 5 0.0008 for the
untreated Hexb2/2 and F1,22 5 5.61, P 5 0.012 for the BMT-
treated mice). The ability of the wild-type mice to stay on the
rotorod did not change significantly (F2,32 5 0.52, P 5 0.668)
over the testing period, and they performed significantly better
than both the Hexb2/2 (t18 5 14.98, P , 0.0001) and the
BMT-treated mice (t23 5 10.44, P , 0.0001). To determine
whether the radiation received as part of the transplant proce-
dure might have had a detrimental effect on performance, irra-
diated wild-type mice were transplanted with wild-type bone
marrow cells. These mice performed normally on the rotorod,
indicating that the radiation does not impair performance
(data not shown).

The mice were tested to measure horizontal locomotor ac-
tivity in a Digiscan automated open field (Fig. 3 b). There were
significant differences in horizontal activity among the wild-
type, untreated Hexb2/2, and the transplanted Hexb2/2
mice (F2,30 5 9.40, P 5 0.0007), and a significant overall de-
crease in the activity of the mice over the 5-wk testing period
(F2,86 5 44.04, P , 0.0001), which usually represents habitua-
tion to the novelty of the open field. Post-hoc analysis showed
that the wild-type mice were significantly more active in the
horizontal plane than both the untreated Hexb2/2 (t18 5 4.43,
P 5 0.0003) and the transplanted mice (t23 5 2.68, P 5 0.013).
There was no significant difference in aggregate horizontal ac-
tivity between the transplanted and untreated Hexb2/2 mice
(t19 5 1.74, P 5 0.097) over the 5-wk testing period. However,
at 16 (t19 5 2.65, P 5 0.0157) and 17 (t19 5 3.38, P 5 0.0032) wk

Figure 1. Survival of Hexb2/2 mice after BMT. Hexb2/2 mice
(n 5 10), 10–16 d of age, were transplanted with bone marrow cells 
from wild-type 129/SvEv mice. These and untreated Hexb2/2 mice 
(n 5 10) were monitored daily. They were killed when they were un-
able to feed or stand.

Figure 2. Clinical appearance of
untreated Hexb2/2 mice and 
Hexb2/2 after BMT. Hexb2/2
littermates, two untreated and two 
treated by BMT, were photo-
graphed at 135 d of age. 
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of age, the transplanted mice were significantly more active in
the horizontal plane than the untreated Hexb2/2 mice. In the
radiation control experiment, horizontal activity of the irradi-
ated wild-type mice transplanted with wild-type bone marrow
was normal, indicating that the transplant procedure itself did
not impair horizontal activity (data not shown).

The righting reflex was measured by turning the mice on
their backs and determining the latency for turning themselves
upright (Fig. 3 c). There were significant differences in the
righting reflex across groups measured at 18 wk of age (F2,25 5
35.23, P , 0.0001). Post-hoc analysis showed that the un-
treated Hexb2/2 mice had a significantly impaired righting re-
flex compared with both the wild-type (t15 5 6.51, P , 0.0001)
and the Hexb2/2 mice receiving BMT (t14 5 5.63, P ,
0.0001). The Hexb2/2 mice given BMT were not significantly
different from wild-type mice (t21 5 1.01, P 5 0.307). The wild-
type and seven of the Hexb2/2 mice receiving BMT were re-
tested at 24 wk of age. Although the BMT-treated mice ap-
peared to be more impaired, the difference between the two
groups (t17 5 4.20, P 5 0.0561) was not statistically significant.
The untreated Hexb2/2 mice did not survive to 24 wk of age.

Biochemistry. Sandhoff disease patients excrete oligosac-
charides in the urine as a result of an impaired ability to de-
grade oligosaccharides terminating in N-acetylglucosamine (1,
2). Through FACE analysis (11) of urinary oligosaccharides,
we observed that high molecular weight oligosaccharides were
abnormally increased in urine of the untreated Hexb2/2 mice
(Fig. 4). The level of these oligosaccharides was reduced to
near normal by BMT treatment. 

The BMT-treated mice had dramatically higher levels of
b-hexosaminidase in the spleen and liver compared with un-
treated mice (Fig. 5). Small but statistically significant in-
creases in the level of enzyme in the kidney, brain, and spinal
cord were also observed.

Levels of GM2 ganglioside and GA2 glycolipid were exam-
ined in livers and brains of Hexb2/2 mice treated by BMT
(Fig. 6). A substantial reduction in the storage of these gly-
colipids was found in the liver of mice treated by BMT when
compared with untreated Hexb2/2 mice. However, in these

Figure 3. Behavioral testing of the Hexb2/2 mice after BMT. (a) 
Mean (6SEM) time to fall off the rotorod. Wild-type (n 5 12), 
Hexb2/2 (n 5 8), and Hexb2/2 mice transplanted with wild-type 
bone marrow cells (n 5 13) were tested. (b) Mean (6SEM) horizon-
tal activity (measured by the number of photocell beam breaks). The 
same groups of mice were tested in a and b. (c) The righting reflex 
was tested at 18 wk of age for wild-type (n 5 12), Hexb2/2 (n 5 5), 
and Hexb2/2 mice transplanted with wild-type bone marrow cells
(n 5 11) and at 24 wk of age for wild-type (n 5 12), and Hexb2/2 

mice transplanted with wild-type bone marrow cells (n 5 7). The un-
treated Hexb2/2 mice did not live to 24 wk of age.

Figure 4. Excretion of urinary oligosaccharides after BMT. Urine 
was collected from wild-type, untreated Hexb2/2, and Hexb2/2 

mice 48 d after BMT. FACE was performed to analyze urinary oli-
gosaccharides. The arrows shown indicate the high molecular weight 
oligosaccharides present in the Hexb2/2 control urine but greatly re-
duced in the BMT-treated mice. High molecular weight oligosaccha-
rides are those larger than the tetrasaccharide standard (G4). The 
size standards consist of glucose polymers.
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same mice, levels of GM2 and GA2 storage in the brain were not
substantially different.

Pathology. To determine if there was pathologic improve-
ment mediated by BMT, Hexb2/2 mice, transplanted with ei-
ther wild-type or Hexb2/2 bone marrow cells, were evaluated
without prior knowledge of treatment. In both types of mice,
storage was diffusely and variably present in the cerebrum,
cerebellum, brainstem, and spinal cord. From semi-serial fro-
zen sections, comparisons were made in specific regions: cere-
bral cortex, hippocampus, septal nuclei, amygdala, striatum,
hypothalamus, cerebellum, facial nuclei, and hypoglossal nu-
clei. There was no discernible difference in the degree of stor-
age in the brain in these regions irrespective of the source of
bone marrow. The only histologic difference identified be-
tween the brains of the mice was the presence of colloidal iron-
stained macrophages. Colloidal iron staining generally indi-
cates the storage of glycosaminoglycans, and positive cells
have been noted previously in this model (14). In untreated
Hexb2/2 mice and in Hexb2/2 mice transplanted with
Hexb2/2 marrow, colloidal iron-positive cells were identified
in the leptomeninges, in perivasacular locations, and within the
brain parenchyma. These colloidal iron-positive cells were
nearly absent in Hexb2/2 mice transplanted with wild-type
marrow (Fig. 7, a and b). In a sagittal section (5-mm thick) of
the entire brain of an untreated Hexb2/2 mouse and a
Hexb2/2 mouse transplanted with Hexb2/2 marrow, 15–20
colloidal iron-positive cells were identified. While comparable
sections of two Hexb2/2 mice transplanted with wild-type
marrow showed either two or no colloidal iron-positive cells.
7-mo-old Hexb2/2 mice transplanted with wild-type marrow
showed extensive neuronal storage that appeared even greater

than in untreated 4-mo-old Hexb2/2 mice. However, there
were many fewer colloidal iron-positive macrophages in the
brain of the 7-mo-old transplanted mouse compared with the
untreated 4-mo-old mouse.

Colloidal iron-stained macrophages were found in the liver
and kidney of untreated Hexb2/2 mice and in Hexb2/2 mice
transplanted with Hexb2/2 bone marrow cells. None of these
storage cells could be detected in animals transplanted with
wild-type bone marrow cells. In Hexb2/2 mice, untreated or
transplanted with Hexb2/2 bone marrow cells, renal tubular
epithelial cells showed a vacuolated appearance and stained
positively with colloidal iron. This abnormal pathology in kid-
ney was absent in all ages of Hexb2/2 mice transplanted with
wild-type marrow.

Histochemical staining with X-Hex enabled the detection
of b-hexosaminidase-containing cells. Strong X-Hex staining
was detected within neurons and glial cells in wild-type mice.
The stain was particularly strong in cells located in perivascu-
lar regions in the brain and in the leptomeninges. No X-Hex-
positive reaction was noted in any tissues of Hexb2/2 mice
nor in Hexb2/2 mice transplanted with Hexb2/2 bone mar-
row cells. In Hexb2/2 mice transplanted with wild-type bone
marrow cells, many positive cells were identified in the spleen
with fewer in liver and kidney. Positive cells were also noted in
the brain and spinal cord of Hexb2/2 mice transplanted with
wild-type bone marrow cells (Fig. 7, c–e). In some cases, the
positive cells appeared to be in association with blood vessels
(Fig. 7 d). With the increasing age of the Hexb2/2 mice trans-
planted with wild-type bone marrow cells, the numbers of
X-Hex positive cells in brain appeared to increase. 

Figure 5. b-Hexosaminidase activity in tissues of Hexb2/2 mice af-
ter BMT. Spleen, liver, kidney, and brain were analyzed from BMT-
treated Hexb2/2 mice (n 5 12), untreated Hexb2/2 mice (n 5 12) 
and wild-type mice (n 5 11). The analysis of spinal cord enzyme was 
performed on two BMT-treated Hexb2/2 mice and three untreated 
Hexb2/2 mice. The results are expressed as percentage of wild-type 
levels (6SEM). The differences between spleen (t21 5 13.58, P , 

0.0001), liver (t21 5 5.01, P , 0.0001), kidney (t21 5 5.42, P , 0.0001), 
brain (t21 5 2.54, P 5 0.019), and spinal cord (t3 5 39.03, P , 0.0001) 
from BMT-treated and untreated mice are statistically significant.

Figure 6. Glycolipid accumulation in the brain and liver of Hexb2/2 
mice treated with BMT. The sphingolipid fraction of brain and liver 
was isolated and separated by thin layer chromatography. The 
amounts of GM2 ganglioside and GA2 glycolipid were quantitated
by scanning the plates. The results are expressed as glycolipid storage 
relative to Hexb2/2 control mice of the same age (6SEM). The 
background level of GM2 ganglioside in wild-type liver was subtracted 
from the liver values. Analysis was performed on three 50-d-old and 
one 114-d-old Hexb2/2 mice treated by BMT. 
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Discussion

BMT has been used, with varying degrees of success, to treat
disorders caused by lysosomal enzyme deficiencies in humans
and in laboratory animals. There are several examples showing
that BMT can be effective at supplying enzyme to visceral or-
gans and in eliminating somatic disease manifestations (5, 6, 9,
15–17). In contrast, the effectiveness of BMT for the correc-
tion of CNS manifestations in lysosomal disorders has been
much more difficult to evaluate. This is particularly true in hu-
man disorders where, in addition to the inherent difficulties of
human experimentation, there may be wide variability in clini-
cal manifestations of a given disease. 

Perhaps the most striking example of successful BMT
treatment of CNS disease was in the a-mannosidosis cat model
(13). BMT was highly effective in preserving the neurologic
function and lengthening the life span. Neurons of the treated
animals exhibited histochemical evidence of a-mannosidase
activity and a reduction in storage. A second clear example of
CNS improvement after BMT was in the Twitcher mouse, an
animal model of globoid cell leukodystrophy (Krabbe disease)
(4, 18, 19). BMT resulted in increased life span and increased
galactosylceramidase levels in the central nervous system.
Krabbe disease is an exceptional “storage” disease because the
major natural substrate of the missing enzyme does not accu-
mulate. Instead, increased levels of a cytotoxic metabolite,

Figure 7. Elimination of colloidal iron-positive cells and introduc-
tion of b-hexosaminidase-positive cells in the CNS after BMT. (a) 
Colloidal iron staining of the cerebral cortex of a 4-mo-old
Hexb2/2 mouse treated by BMT with Hexb2/2 marrow cells 
(1003). Arrows indicate positive cells, presumably macrophages, 
in the leptomeninges and perivascular region. Similar results were 
seen with untreated Hexb2/2 mice. (b) Colloidal iron staining of 
the cerebral cortex of a 4-mo-old Hexb2/2 mouse treated by 
BMT with wild-type marrow cells (1003). No colloidal iron-posi-
tive cells were present. Histochemical detection of b-hexosamini-
dase-positive cells in the CNS of a 6-mo-old Hexb2/2 mouse that 
received BMT (c–e). (c) Cerebral white matter (2003). (d) Cere-
bral cortex (1003). Note that the positive cells appear closely 
aligned with a blood vessel. (e) Spinal cord (203). Arrows indicate 
cells showing the blue X-Hex reaction product.
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galatoctosylsphingosine (psychosine), mediates the disease pa-
thology. Its levels are decreased after BMT. In both the a-man-
nosidosis and the Krabbe disease models, it appeared the ther-
apeutic effect of BMT was mediated by donor derived
macrophages/microglia crossing the blood–brain barrier to
supply the missing enzyme. Improvement in the neurologic
function of canine models of MPS I and fucosidosis has also
been reported (15, 20). Prolonged survival with somatic im-
provement was shown with the murine model of MPS VII af-
ter BMT (5). Although a decrease in neuronal storage was
noted after treatment (16), improvement in neurologic func-
tion could not be documented (21). 

Sandhoff disease mice exhibit the prototypical features of a
sphingolipidosis: massive neuronal storage of glycolipid and a
fulminant neurodegenerative course. Ultimately, the patho-
genic process leads to apoptosis of neurons (22). BMT treat-
ment was shown to ameliorate the disease process by extend-
ing the life span of the mice by up to 4 mo and delaying the
onset of severe neurologic manifestations. Enhanced perfor-
mance on behavioral tests assessing motor function was addi-
tional evidence that CNS function was preserved by BMT.
Eventually, the BMT-treated mice underwent a disease pro-
cess similar to the untreated Sandhoff disease mice, indicating
that only a partial correction was effected.

A small increase of b-hexosaminidase activity and enzyme-
positive cells was detected in the brain and spinal cord of
BMT-treated animals. By analogy with previous BMT experi-
ments in the a-mannosidosis cat and Krabbe disease mouse,
these enzyme-positive cells likely represent brain macrophages
or microglia of donor origin that provided a means of enzyme
introduction into the CNS (13, 19). The reduction of colloidal
iron-positive cells in the brain after BMT treatment is consis-
tent with a systemic repopulation by normal, donor-derived
macrophages/microglia. The therapeutic mechanism mediated
by these donor cells is not readily apparent since we could not
find clear evidence of a decrease in glycolipid storage in the
brain either through biochemical or pathologic analysis. These
results suggest that the pathogenesis of the disease is not to-
tally dominated by bulk GM2 and GA2 glycolipid storage in the
brain.

The neurologic improvement could be due to a very local-
ized correction of neuronal storage that is not detectable by
quantitation of bulk glycolipid. However, a number of specific
CNS locations were compared on PAS-stained, frozen sections
in BMT-treated and control mice, but regional differences in
storage were not readily evident. The apparent lack of appre-
ciable differences in pathology between BMT-treated and con-
trol mice could also be due to difficulty in discriminating subtle
quantitative differences morphologically. Alternatively, the
BMT may selectively reduce the levels of a minor toxic metab-
olite such as lyso-GM2 that may mediate neuropathogenesis in
this disorder. Lyso-GM2 has been detected in the brains of Tay-
Sachs and Sandhoff patients but at levels much below the main
storage products (1, 23). The occurrence of such a compound
may elicit a cytotoxic pathogenic mechanism analogous to psy-
chosine in Krabbe disease. It is also conceivable that these
slightly water-soluble lysogangliosides were released from
brain and visceral organs and were eliminated by the large
amount of b-hexosaminidase activity present in somatic tissues
and blood due to BMT. 

An interesting possibility for the disease amelioration by
BMT may be related to the observation that colloidal iron-

positive macrophages, present in untreated mice, were virtu-
ally absent in the brains of Sandhoff mice treated by BMT.
Other studies have shown that microglia/macrophages can be
activated by neurodegeneration to secrete toxic factors such as
cytokines and initiate an inflammatory cascade (24–26). In the
Sandhoff mice, initial neuronal degeneration and storage by
macrophages may trigger an activation of macrophages that, in
turn, promote tissue damage through an inflammatory pro-
cess. Replacement of the enzyme-deficient macrophage popu-
lation with normal macrophages by BMT may temporarily de-
lay or remove this pathogenic component of the disease
process.

In contrast to the apparent inability of BMT treatment to
reduce glycolipid storage in the brain, glycolipid storage in
liver and spleen (not shown) was greatly reduced. BMT was
also effective in lowering the excretion of oligosaccharides in
urine and in reducing kidney pathology. The correction of
these somatic manifestations after BMT is readily explained by
the large amounts of b-hexosaminidase activity in visceral or-
gans and the systemic normalization of the macrophage popu-
lation as suggested by the disappearance of colloidal iron-posi-
tive cells.

The ultimate demise of the BMT-treated Sandhoff disease
mice and the very small amount of enzyme introduced into the
CNS indicates that this treatment alone may not be highly
effective for infantile forms of the GM2 gangliosidoses where
virtually no degradative capacity exists. Increased efficacy
might be possible by genetically engineering donor cells to
hypersecrete enzyme or by combining BMT with glycolipid
synthesis inhibitors (27) in an attempt to more closely balance
the synthesis and degradation of substrate. In the late-onset
forms of the disorder, however, where residual enzyme is al-
ready present, a small increase in CNS enzyme activity (if pos-
sible by BMT) might greatly improve the clinical course of the
disease (28). 
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